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Introduction:

This training fellowship was awarded to a pre-doctoral student, Edward R.
Hofmann, at the University of Maryland School of Medicine. Research data generated
from this study will be submitted as a Ph. D. thesis in the future.

Interferons (IFNs) and retinoic acid (RA) are potent biological response
modifiers that inhibit transformed cell growth. IFNs use the JAK/STAT signaling cascade
to regulate IFN-stimulated genes, which mediate growth suppression. Retinoids bind to
nuclear receptors, which act as transcription factors to regulate genes associated with cell
growth and differentiation. In breast tumor cells resistant to IFN or RA, a combination of
both agents synergistically inhibits cell growth. Using athymic nude mouse models and in
vitro systems we have shown earlier that IFN-P3/RA combination induces programmed
cell death (PCD) of human breast carcinoma cells. PCD induced by IFNP/RA
combination does not appear to be regulated exclusively by known pathways of
apoptosis. We used a genetic approach called Suppression of Mortality by Antisense
Rescue Technique (SMART) to identify novel members of the IFN/RA combination
induced PCD pathway. Total cell cDNA libraries, from breast tumor cells treated with
IFN/RA combination, were expressed in an antisense fashion in HeLa cells. Following
transfection of these libraries, the cells were selected with lethal doses of IFN-P/RA
combination and screened for resistance to IFN/RA induced PCD. Using this technique
we have isolated several candidate genes termed Genes associated with Retinoid-IFN
Induced Mortality (GRIM). Previously, we identified one of these genes, GRIM-12.
GRIM-12 is identical to human thioredoxin reductase (TR). IFN/RA combination
stimulates the post-transcriptional expression of GRIM- 12. The enzymatic activity of TR
is essential for mediating cell death. Dominant negative mutants were constructed to
characterize this gene further. Another gene, GRIM- 1, was identified as a novel gene.
Northern analysis demonstrated the IFN/RA combination induces two GRIM-I
transcripts. cDNA k phage libraries were screened in attempt to clone the full length
cDNA but failed to obtain a clone of equal length of the detected transcripts.

Body:

Experimental Approach:

In order to keep this report concise, new data for GRIM-12 will be kept brief and
major accomplishments will be mentioned in the Body and Appendices. For a detailed
description of GRIM- 12 data, the reader should refer to the included manuscript;
"Thioredoxin Reductase Mediates.. .Retinoic Acid". GRIM-12 mutants were generated as
described previously and effects of their expression on cell death induced by various
drugs will be analyzed. A 171 amino acid region at the carboy-terminal end of GRIM- 12
is thought to be involved in dimer formation based on its homology to other known
reductases. We will express this domain as well as full length GRIM-12 in bacterial
expression systems and analyze their interactions via pull-down assays with affinity
columns. Finally we will look at the effects of GRIM-12 overexpression in relation to
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growth rates, enzyme activity and sensitivity to IFN-P/RA combination induced cell
death. In order to obtain a full-length clone of GRIM- 1, we will employ 5' rapid
amplification of cDNA ends (5' RACE). After obtaining a ftill-length clone, we will use
DNASIS sequence software to identify an open reading frame. Databases such as BLAST
and Swissprot will be used to identify identical or homologous proteins and programs
such as MOTIF and BLOCKS will be used to search for functional properties of the
protein. In vitro transcription and translation with rabbit reticulate lysates will be used to
confirm the open reading frame and expression of an encoded protein. Growth assays will
be performed on cells expressing the antisense GRIM-1 episome in order to verify its role
in cell growth control. Multiple tissue northern blots will be used to analyze the
expression of GRIM-I transcripts. Finally, we will use the pET32 bacterial expression
system to express the GRIM-1 protein in order to use for antibody production.

Results:

Effects of overexpression of GRIM-12 on cell growth: Deletion mutants were
constructed and the expression of various functional domains was analyzed by northern
blots (Fig. II in manuscript). All three functional domains of GRIM- 12 are able to
interfere with IFN/RA induced cell death, however the interface domain (ID) inhibits cell
death the greatest (Fig. 12B in manuscript). In correlation with this result, TR enzyme
activity is lowest in cells expressing the ID (Fig 12C in manuscript). This suggests that
dimerization may be important for function of TR and that the ID region acts as a
dominant negative mutant. In order to determine the role of GRIM- 12 in other cell
growth inhibition pathways, we treated mutant GRIM-12 expressing cells with etoposide,
TNF-a and vincristine. No difference in growth inhibition between mutants and control
cells was observed (Fig. 14 in manuscript). This suggests that GRIM-12 may specifically
mediate IFN/RA induced death, or that other death activators induce alternative pathways
to suppress cell growth. To study the effect of overexpression of GRIM-12 on cell
growth, cells expressing wildtype GRIM-12 were also generated. These cells exhibit a
slower growth rate, increased enzyme activity, and increased sensitivity to IFN/RA
mediated PCD, compared to control cells (Fig 15 in manuscript). Taken together, we
have shown that GRIM-12 expression and activity can influence cell growth and PCD
induced by IFN/RA.

The ID peptide associates with full-length GRIM-12 in vitro: Since expression of the
ID peptide was able to block cell death, presumably by competition with wildtype TR to
form active dimers, we decided to see if ID could associate with GRIM-12 in vitro.
Bacterially expressed ID and full-length GRIM-12 were expressed with different fusion
tags (GST and His respectively) and purified on affinity columns. Purified products were
incubated together and passed over either a glutathione sepharose column or a Ni-
chilation sepharose column. Western blot analysis using a TR specific antibody was used
to show that the ID domain could pull-down full-length GRIM- 12 and vice-versa (Fig. 13
in manuscript). The interaction was not mediated by the tags and the tags were unable to
bind to a non-specific column. Therefore, ID may be able to associate with TR in vivo
and inhibit enzyme activity, thus producing a dominant negative phenotype.
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Cloning and sequence analysis of full length GRIM-i: Since we could not obtain a
full-length cDNA clone of GRIM-1 from a library screen, we decided to use 5'RACE.
After two rounds of 5'RACE, and subsequent ligations, a cDNA clone of 2.9 kb was
obtained. This correlated with the smaller of the two mRNA species that hybridize with a
GRIM-I probe (previously reported as 2.6 kb and 2.8 kb, actually 2.9 kb and 3.1 kb
respectively, upon further analysis). Sequence analysis revealed the presence of a 1.7 kb
open reading frame (ORF) that encodes a polypeptide containing 577 amino acids. The
predicted molecular weight is 64.8 kDa. Using various databases such as BLAST and
Swissprot, we have confirmed that GRIM-1 is novel. However, the amino acid sequence
has approximately 35% identity and 50% homology to S. pombe and C. elegans
hypothetical proteins. The identity of these proteins is based on sequence that has been
analyzed by programs such as Gene Finder. The existence of GRIM-I homologues in
other organisms indicates that the gene is evolutionarily conserved. Analysis of GRIM-I
with programs such as BLOCKS and MOTIF, we have identified several putative
functional domains whose significance remains to be clarified. The GRIM-I protein has
two putative tyrosine phosphorylation sites that could play an important role in regulation
and function. In addition, the carboxyl-terminal is serine and threonine rich suggesting
the potential for serine/threonine phosphorylation. Amino-proximal to this domain is a
region that is leucine and isoleucine rich. Several of these residues are six to eight amino
acids apart indicating the possibility of forming a leucine zipper. Amino-proximal to this
region is a putative zinc finger. Other domains of interest are two possible LXXLL
motifs, which are found in co-activators of nuclear receptors (i.e. retinoid receptors), and
an actin crosslinking domain that may target GRIM-1 to the cytoskeleton. These domains
are only hypothetical and have yet to be proven relevant experimentally.

HeLa cells expressing antisense GRIM-1 are resistant to growth inhibition and cell
death mediated by IFN-P/RA combination: In order to determine the role of GRIM-1
in cell growth control, we performed growth assays on the HeLa cell clone expressing the
original antisense GRIM-I episome. Expression of an antisense message was confirmed
by Northern blots probed with GRIM-I cDNA (data not shown). HeLa cells stably
transfected with pTKO 1 vector used as a control. In the presence non-cytotoxic
concentrations of IFN-P3 and RA these cells are growth arrested (Fig. 1). However, those
cells expressing the antisense GRIM-1 episome continued to grow (Fig. 1). Thus, in
addition to having a role in PCD, GRIM-1 may suppress cell growth.

GRIM-1 is expressed in multiple tissues and cancer cell lines: Northern blots using a
GRIM-I cDNA probe on multiple human tissues revealed that the two previously
identified transcripts are expressed in all tissues examined after stringent washing. Levels
of GRIM-1 mRNA are higher in heart, skeletal muscle, kidney and liver (Fig.2).
Interestingly, under less stringent conditions, GRIM-1 is able to hybridize with at least
five additional transcripts in human heart and skeletal muscle and four other transcripts in
kidney and liver (Fig.2). These blots are prepared with poly-A RNA and are normalized
to nine different housekeeping genes. In addition, we probed the blot with a [-actin
cDNA to confirm equal amounts of RNA (data not shown). These results suggest that
GRIM-I may be alternatively spliced or that a family of highly homologous GRIM-i-like
proteins, encoded by different genes, may exist. These genes may be regulated in a tissue
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specific manner. Northern blots were also performed on several cancer cell lines. Total
RNA was prepared from cells that were either untreated or treated with IFN-P3/RA
combination for 48 hours. Blots were probed with a GRIM-1 cDNA and, after subsequent
stripping, reprobed with GAPDH. In addition to MCF-7 and BT-20 breast cancer cells,
GRIM-I was inducible in cell lines from lung, colon and kidney (Fig.3). Thus the
antiproliferative role of GRIM-I may not be restricted to breast and cervical tissues.

Multiple tissue Northern blots from mouse were analyzed for the expression of
GRIM-1. Unlike human tissues, we detected 2.2 kb and 2.4 kb GRIM-1 transcripts that
expressed in most tissues (Fig.4). The levels of these transcripts expressed highest in
heart, brain, liver, kidney, and testis. Very little expression was seen in skeletal muscle
(Fig. 4). With the exception of skeletal muscle and brain, the expression patterns in
human and mouse were similar (compare Figs. 1 and 4). Multiple GRIM-1 transcripts of
various sizes were detected similar to human tissues (compare Figs. 2 and 4). We also
used a mouse embryo blot to characterize the expression of GRIM-1 during murine
development. Two transcripts with sizes of 2.2 kb and 4.5 kb were detected (Fig.5). The
levels of expression for both transcripts increased from day 7 to day 15 and then
decreased to almost undetectable levels at day 17, right before birth (Fig 4). This
indicates that GRIM-I may have a role during development.

GRIM-1 encodes three polypeptides in vitro by alternative initiation of translation:
The GRIM-1 cDNA was cloned into the pGEM7zf vector under the control of the T7
promoter. In vitro transcription and translation was performed using T7 polymerase and
rabbit reticulate lysates. GRIM-1 cDNA encoded three polypeptides with the
approximate molecular weights of 80 kDa, 73 kDa, and 45 kDa (Fig.6). Interestingly
these proteins correspond to three translation start sites located within the same ORF.
This was confirmed by cloning, via PCR, the three respective ORFs into pGEM7zf and
repeating the in vitro analysis (Fig. 6). We have termed these three peptides as GRIM-1
u., P and y. Initiation at multiple start sites can be accounted for by the lack of a good
Kozak consensus sequence. The A in the -3 position has been shown to be important for
translation fidelity. Furthermore, a change from the +4 G can also lead to 'leaky
scanning' of the 40S ribosome subunit. Since the sequence surrounding the AUG codons
of each isoform contains alterations in the consensus, it is conceivable that multiple
peptides may be produced as a result. Interestingly, when the three ORFs were cloned
and subsequently translated, a Kozak sequence was introduced immediately 5' of the
AUG. This resulted in a shift towards translation initiation to the first AUG, further
indication that the ribosomal endogenous binding sites are 'leaky' (Fig.6). One
noteworthy observation was that the calculated MWs of these peptides were larger than
their predicted MW (Fig.6). This may be due to phosphorylation.

Expression of GRIM-1 using bacterial expression systems: The ORFs for GRIM-i a,
3 and y were cloned into the pET32 inducible bacterial expression vector. Individual
clones were transformed into the BL21 E. coli expression strain. Expression of GRIM-1
3 and y were unsuccessful while expression of GRIM-1 c is still pending. Possible

reasons for failure of expression are that either the protein is toxic at high levels and is
killing the bacteria before detectable protein is produced or that the codon usage for this
strain of BL21 is inhibiting proper translation elongation. E. coli strains have different
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tRNAs than eukaryotes for Leu, Ile, and Arg, all of which are abundant in GRIM-1.
Therefore, we have taken three simultaneous approaches to solve this problem. First we
will attempt expression in a codon-biased strain of BL21 that produces humanized tRNA
to improve translation. Second we will attempt expression in a baculoviral system. And
finally, we will attempt expression of a deletion mutant of GRIM-1 in bacteria. While the
first two experiments are still ongoing, we have been successful at expressing a 25-kDa
peptide in bacteria representing the carboxy-terminal end of GRIM- I (Data not shown).
This peptide is common to all three isoforms of GRIM-1. This protein has been purified
by means of a poly-histidine tag on a Ni-chelation sepharose colunm. The tag has been
removed and the pure protein has been sent for antibody production.

Appendices:

Figure Legends:

Figure 1: Effect of antisense GRIM-1 on cell growth suppression induced by IFN-P/RA
combination in HeLa cells. Cells were grown in the presence of IFN-P (500U/mL) and
RA (1 ptM) for indicated times. For each time point, cells were fixed and stained with
sulforhodamine B and absorbance of bound dye was quantified with a plate reader. Each
data point is the mean ± standard error (SE) of six replicates. Filled squares = HeLa cells
expressing antisense GRIM-i; open circles = HeLa cells transfected with control vector.

Figure 2: Expression of GRIM-1 in different human tissues. Multiple tissue northern
blot was probed with labeled GRIM-I cDNA. PBL (peripheral blood leukocytes). Arrows
indicate GRIM-1 specific transcripts.

Figure 3: Induction of GRIM-I expression in various tumor cells by IFN-P/RA
combination. In the upper panel, total RNA (40 [tg) from various tumor cells was
northern blotted and probed with a labeled GRIM-1. In the lower panel, the same blot
was stripped and re-probed with a labeled cDNA corresponding to the house keeping
gene, GAPDH (glyceraldehyde phosphate dehydrogenase). MCF-7: ER + breast
carcinoma; BT-20: ER breast carcinoma; A375: Lung adenocarcinoma; ACHN: Renal
carcinoma; Colo-320: Colon carcinoma. "-" and "+" signs indicate untreated and IFN/RA
treated cells. Cells were treated for 48 hr, before RNA extraction.

Figure 4: Expression of GRIM-I in different mouse tissues. A multiple tissue northern
blot was probed with labeled GRIM-I cDNA. Arrows indicate GRIM-I specific
transcripts.

Figure 5: Expression of GRIM-I in embryonic murine tissues at various time points
during development. A multiple tissue northern blot was probed with labeled GRIM-1
cDNA. Numbers above the lanes indicate the post- days of embryonic growth.

Figure 6: In vitro expression of GRIM-I peptides. GRIM-1 cDNA or PCR products of
ORFs were cloned into pGEM7zf vector under control of the T7 promoter and 1 ig of
plasmid was linearized, and transcription was performed using T7 RNA polymerase for 4
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hrs. Transcribed RNA was analyzed by gel electrophoresis and equal amounts were
diluted 1:10 before addition to rabbit reticulate lysates. Translation was carried out for 2
hrs in the presence of [35S] methionine. Translation products were separated by SDS-
PAGE and then dried, and flourographed. Lane 1, control vector; lane 2, GRIM-1 y ORF;
lane 3, GRIM-1 3 ORF; lane 4 GRIM-1 cx ORF; lane 5, GRIM-1 full-length cDNA.
Sequence is for ribosomal binding sites (Kozak consensus) of the, cc, 3, and y proteins are
shown. Conserved bases are underlined and the start codon is italicized.

Research Accomplishments 7/98 -7/99:

Overexpression of GRIM-12 deletion mutants identifies the dimerization domain to
be important for death activity.
TR mediated PCD is specific to the IFN/RA cell death pathway.

) Overexpression of wildtype GRIM-I increases cell mortality and sensitivity to
IFN/RA induced PCD.
Dimerization domain of GRIM-12 can associate with TR in vitro.
Full length GRIM-I is cloned and identified as a novel protein with various putative
domains involved in protein-protein and protein-DNA interactions.
Antisense knockout of GRIM- I expression demonstrates it role in cell growth control
induced by IFN/RA.
GRIM-I is expressed in multiple tissues in human and mouse in a tissue-specific and
developmental manner, and is inducible by IFN/RA in several cancer cell lines.
GRIM-I cDNA can encode three peptides from the same ORF in vitro.
GRIM-1 peptide was expressed in bacterial system and purified for antibody
production.

Reportable outcomes:

Refereed Journal Articles:

Hofmann, E.R., Boyanapalli, M., Lindner, D.J., Weihua, X., Hassel, B.A., Jagus, R.,
Gutierrez, P.L., Kalvakolanu, D.V. (1998) Thioredoxin Reductase Mediates Cell Death
Effects of the Combination of Beta Interferon and Retinoic Acid. Mol Cell Biol 18(11):
6493-504.

Abstracts/Presentations:

1. Lindner, D.J.*, Hofmann, E.R., and Kalvakolanu, D.V. (1999) Overexpression of
thioredoxin reductase (GRIM- 12) enhances antiproliferative and apoptotic activity of
IFN-P and tamoxifen in MCF-7 cells. (Invited Speaker). Second Annual Regional
Cancer Center Consortium for Biological Therapy of Cancer, Rochester, NY
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2. Lindner, D.J.*, Hofmann, E.R., and Kalvakolanu, D.V. (1999) Overexpression of
thioredoxin reductase (GRIM- 12) enhances antiproliferative and apoptotic activity of
IFN-3 and tamoxifen in MCF-7 cells. (Poster presentation) annual meeting of the
American Association for Cancer Research, Philadelphia, PA.

3. Hofmann, E.R.*, Boyanapalli, M., Lindner, D.J., Weihua, X., Kalvakolanu, D.V.
(1998) A Genetic Method Identifies Thioredoxin Reductase as a Mediator of
Interferon and Retinoid Induced Cell Death. (Oral presentation) Second Joint
Meeting of the ICS and the ISICR. Jerusalem, Israel.

4. Hofmann, E.R.*, Boyanapalli, M., Lindner, D.J., Weihua, X., Kalvakolanu, D.V.
(1998) Thioredoxin Reductase Mediates Growth Suppressive Effects of the Interferon
Beta and Retinoic Acid Combination. (Oral presentation) 2 0th Annual Graduate
Student Research Day. University of Maryland Baltimore County, Catonsville,
Maryland.

(* presenting author)

Patents and licenses:
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Degrees obtained:
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Cell lines, tissue and serum repositories:

Various MCF-7 and BT-20 cell lines expressing wt TR and mutants as described in the
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Jagus, R., Gutierrez, P.L., Kalvakolanu, D.V. (1998) Thioredoxin Reductase Mediates
Cell Death Effects of the Combination of Beta Interferon and Retinoic Acid. Mol Cell
Biol 18(11): 6493-504.

Informatics:

GRIM-12 sequences were deposited in GeneBank at the National Center for
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Thioredoxin Reductase Mediates Cell Death Effects of the
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Interferons (IFNs) and retinoids are potent biological response modifiers. By using JAK-STAT pathways,
IFNs regulate the expression of genes involved in antiviral, antitumor, and immunomodulatory actions.
Retinoids exert their cell growth-regulatory effects via nuclear receptors, which also function as transcription
factors. Although these ligands act through distinct mechanisms, several studies have shown that the combi-
nation of IFNs and retinoids synergistically inhibits cell growth. We have previously reported that IFN-I3-all-
trans-retinoic acid (RA) combination is a more potent growth suppressor of human tumor xenografts in vivo
than either agent alone. Furthermore, the IFN-RA combination causes cell death in several tumor cell lines in
vitro. However, the molecular basis for these growth-suppressive actions is unknown. It has been suggested that
certain gene products, which mediate the antiviral actions of IFNs, are also responsible for the antitumor
actions of the IFN-RA combination. However, we did not find a correlation between their activities and cell
death. Therefore, we have used an antisense knockout approach to directly identify the gene products that
mediate cell death and have isolated several genes associated with retinoid-IFN-induced mortality (GRIM). In
this investigation, we characterized one of the GRIM cDNAs, GRIM-12. Sequence analysis suggests that the
GRIM-12 product is identical to human thioredoxin reductase (TR). TR is posttranscriptionally induced by the
IFN-RA combination in human breast carcinoma cells. Overexpression of GRIM-12 causes a small amount of
cell death and further enhances the susceptibility of cells to IFN-RtA-induced death. Dominant negative
inhibitors directed against TR inhibit its cell death-inducing functions. Interference with TR enzymatic activity
led to growth promotion in the presence of the IFN-RA combination. Thus, these studies identify a novel
function for TR in cell growth regulation.

Interferons (IFNs) are a group of multifunctional cytokines dence for a tumor growth suppressor role exists only for certain
that stimulate antiviral, antitumor, and immunoregulatory ac- members of the IFN gene-regulatory factor family. Gene mu-
tivities (28). Upon binding to their receptors, IFNs activate a tations or dysregulation of IFN gene-regulatory factor 1 and
rapid signaling cascade wherein Janus tyrosine kinases (JAKs) IFN consensus sequence binding protein has been documented
induce the tyrosine phosphorylation of signal-transducing ac- in human myeloid leukemias (25, 53, 64, 66). Since these mol-
tivators of transcription (STAT) proteins (10). IFN-x/o3 acti- ecules are IFN-regulated transcription factors, their activities
vate the phosphorylation of STAT-1 and STAT-2, which then are necessarily dependent on either the induction of growth-
associate with a 48-kDa DNA binding protein (p48) to form a inhibitory gene products or the suppression of growth-promot-
multimeric transcriptional complex. This complex translocates ing factors (64). However, the nature of these downstream
to the nucleus, binds to the IFN-stimulated response element, factors is unknown. Some studies suggest that protein kinase R
and stimulates transcription. Similarly, IFN-y induces the spe- (PKR) and RNase L, which inhibit viral growth in IFN-treated
cific tytosine phosphorylation of STAT-1 alone, which binds as cells (50, 59), also participate in growth suppression (3, 19).
a dimer to GAS (the IFN-y-activated site) and activates tran- However, direct evidence for the role of these factors in the
scription (10). These transcriptional complexes induce a num- antitumor action of IFNs is lacking. Despite their strong ther-
ber of unique as well as common cellular genes whose activities apeutic activity as single agents in a number of leukemias, IFNs
may be related to their diverse actions (58). Although a great are less effective in the therapy of solid tumors (18). To over-
deal is known about the antiviral actions of IFNs (58), the come such resistance, a number of therapeutic approaches
mechanisms responsible for their antitumor and immunoregu- have been developed. Among these, the combination of IFNs
latory actions are unclear. In vivo, they up regulate the expres- with retinoids is highly effective against several tumors (39).
sion of tumor-specific antigens and natural killer cell And T-cell The molecular basis for the potentiated growth-suppressive
functions to mediate their antitumor effects (28). In addition to action of the IFN-RA combination is unclear.
these mechanisms, IFNs directly activate growth-suppressive Retinoids are vitamin A derivatives that have'strong influ-
proteins such as pRb (32, 48) and down regulate c-Myc in ences on metabolism, cell growth and pattern formation (36).
certain lymphoid tumor cell lines (47). However, genetic evi- Alt-trans-retinoic acid (RA) and 9-cis-retinoic acid (9-cRA)

are two major physiological retinoids that preferentially inter-
* Corresponding author. Mailing address: Department of Microbi- act with specific nuclear receptors, which act as transcription

ology & Immunology, Greenebaum Cancer Center, University of factors (36). Ligand-activated heteromeric complexes of RA
Maryland School of Medicine, Baltimore, MD 21201. Phone: (410) receptor, retinoid X receptor, and the associated coactivators
328-1396. Fax: (410) 328-1397. E-mail: dkalvako@umaryland.edu. up regulate the expression of genes (17) whose promoters
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contain retinoic acid response elements. Several isoforms and 4, 8,16, 36, 48, and 72 h, was prepared with RNAZoI B reagent (Tel-Test). These
the corresponding subtypes of RA receptors and retinoid X RNAs were pooled, and total poly(A) + RNA was isolated with the polyAtract

system (Promega). cDNA libraries were constructed with commercially availablereceptors participate in a tissue and gene context-specific man- kits (Stratagene) as recommended by the manufacturer. A 10-iig portion of
ner to induce gene expression (36). Retinoids suppress cell mRNA was used for preparing the eDNA library, with an oligo(dT) primer, in
growth of certain primary skin dysplasias and tumor cell lines the presence of a deoxynucleoside triphosphate mixture that contained 5-methyl-
(26). However, the gene products that mediate these effects are dCTP. After second-strand synthesis, ends and gaps were filled with Pfu thermal

unknown. DNA polymerase to ensure that the cDNA was blunt ended. The cDNAs were
ligated to a synthetic double-stranded bifunctional linker, 5'-GCTTGGATCCA

Clinical reports and studies with cultured tumor cells have AGC-3'. When attached to the 3' end of the eDNA, this linker generated a
shown that the IFN-RA combination is a more potent inhibitor HindIll site. Ligation at the 5' end created a BamHI site (37). The library was
of cell growth than is either agent alone (39). We have ob- then.digested with HindlIl and BamHl, purified on a Sepharose 6B column, and

served that the combination of human IFN-P with RA syner- inserted into an episomal vector, pTKO1, which carried markers for selection in
eukaryotic (hygromycin resistance) and bacterial (ampicillin resistance) cells

gistically suppresses the growth of transplanted human breast (12). When cloned into the BglII and HindIll sites of the pTKOI episomal
and ovarian tumor xenografts in athymic nude mice (34). Here, vector, the cDNA replaced the existing chloramphenicol acetyltransferase gene
we show that the IFN-RA combination causes cell death in and the eDNA was expressed in an antisense orientation. The library was then

vitro. To identify the genes responsible for cell death, we have transformed into Escherichia coli DH10B, which takes up large plasmids with
methylated DNA, and was plated on several 150-mm-diameter plates. The bac-

used an antisense technical knockout approach (12). In this teria were scraped from the plates, and plasmid DNA was extracted and purified
approach specific cell death-associated genes are identified by on CsCl gradients. This unamplified library was used for transfection. After
their ability to confer a growth advantage in the presence of electroporation of the library (40 pg) into HeLa cells (107), the cells were

death inducers when expressed in an antisense orientation, distributed among several 150-mm plates. Drug selection was initiated with
hygromycin B (200 pg/ml), human IFN-P1 (3,000 U/nl), and RA (5 pLM) and

Using this method of cloning, we have identified several can- continued for 4 weeks. Parallel plates transfected with pTKO1 were selected
didate genes that might participate in IFN-RA-activated cell similarly. All these cells died after 10 to 12 days of selection. The medium was
death. In this study we have characterized one of these genes changed and fresh drugs were added daily for the first week and then every other

and identified it as human thioredoxin reductase (TR), an day. At the end of 4 weeks of selection, the surviving colonies were pooled and
expanded in the presence of hygromycin B (200 Lg/ml), and Hirt DNA extracts

intracellular redox regulatory enzyme (16). We show that cel- were prepared (22). DNA was digested with DpnI and electroporated into E. coli
lular TR levels are posttranscriptionilly enhanced by the IFN- DH1OB. The resultant colonies were screened by PCR with plasmid-specific
RA combination. Dominant negative mutants corresponding to primers to detect the presence of inserts. Inserts were sequenced to identify the
the dimerization domain of TR interfere with death activation, gene products.

Each individual episome was tested for cell protection against IFN-RA-in-
Overexpression of one of the genes associated with retinoid-IFN- duced death in several breast carcinoma cell lines. Individual episomes (20 rig)

induced mortality (GRIM-12, whose product is identical to TR) mixed with 30 ILg of salmon sperm DNA were electroporated into cells (106) in
enhances cellular susceptibility to IFN-RA-stimulated death. Dulbecco's minimal essential medium with 10% FBS and 5 mM NN-bis(2-
Thus, our studies attribute a novel function to TR in cell growth hydroxyethyl)-2-aminoethanesulfonic acid (BES). The electroporation condi-

tions were 250 V, 900 iF, and 13 (1 in a BTX electroporator. Triple selectioncontrol. with IFN-P (500 U/ml), RA (1 pM), and hygromycin B (100 jig/ml) was initiated
after 24 h. The cells were selected for 20 days with three drugs. After that, they

MATERIALS AND METHODS were grown in medium containing hygromycin B alone. All cells that received
only pTKO1 died by 10 to 12 days of triple selection.

Reagents. Restriction and DNA-modifying enzymes (New England Biolabs), Construction of dominant negative mutants. Dominant negative mutants were
azelaic acid (AZ), dithiothreitol, phenylmethylsulfonyl fluoride, Triton X, imi- constructed by PCR with the following primers. FAD (flavin adenine dinucle-
dazole, RA, sodium selenite (Sigma), G418 sulfate, isopropyl-P-o-thiogalacto- otide binding active domain) was generated with 5'-CCAAGCTTATGAACGG
pyranoside (IPTG; Life Technologies); Ni-chelation-Sepharose (Novagen), glu- CCCTGAAGATC as the forward primer and 5'-CCGAATTCTCATAAGCAT
tathione-Sepharose (Pharmacia Biotech), nitrocellulose membranes, enhanced TCTCATAGACGAC-3' as the reverse primer. NBD (NADPH binding domain)
chemiluminescence (ECL) reagents, and horseradish peroxidase coupled to anti- was prepared with 5'-CCAAGCTTATGCAATITATI'GGTCCTCACAG-3' as
rabbit antibodies (Amersham), human IFN-10 - (Berlex Inc.), human IFN-a2b the forward primer and 5'-CCGAATI'CTCATGTCTrATAAACTrGATGC
(Hoffmann La Roche Inc.), human and murine IFN--y (Boehringer Mannheim), C-3' as the reverse primer. The ID (interface domain) was generated by using
murine IFN-1 (Toray Industries), and hygromycin B (Boehringer Mannheim) 5'-CCAAGCITATGGTGCCTACATCTATGCC-3' as the forward primer and
were used in these studies. Monoclonal anti-elF-2a (57), anti-PKR (33) and 5'-CCGAAT'IrCTCAGCAGCCAGCCTGGAG-3' as the reverse primer. The re-
RNase L (13) were described previously. Antiactin antibodies were from Santa spective start and stop codons are shown in boldface. PCR products were di-
Cruz Biotechnology. Fresh stocks of RA were prepared in ethanol and added to gested and cloned into the pCXN2 mammalian expression vector, in which the
cultures under subdued light, chicken actin promoter regulated the expression of mutants. It also carried a

Cell culture. All estrogen-dependent cells were cultured in phenol-red free neomycin resistance marker for selection in mammalian cells. Stable transfec-
Eagle's minimal essential medium supplemented with 5% charcoal-stripped fetal tants were generated by electroporation of cells with indicated plasmids and
bovine serum (CSFBS) and 101 M estradiol during treatment with IFN-P and selection with G418 (500 jig/ml). After 3 weeks of selection, surviving clones
RA. The cells were grown in phenol red-free medium 24 h before treatments were expanded for further studies. Individual mutants were designated FAD,
were initiated. All other cell lines were cultured in media with phenol red but NBD, or ID. Expression of mutants was monitored by Northern blot analysis.
supplemented with 5% CSFBS prior to treatment with IFN-P and RA. Overexpression of GRIM-12. To study the effects of overexpression on cell

Cell growth assays. Cells (2,000 cells/well) were treated with various concen- growth, the GRIM-12 open reading frame (ORF), without the untranslated
trations of IFN-P and RA in EMEM (Eagle's minimal essential medium)-5% region (UTR) sequences, was subcloned into eukaryotic expression vector
CSFBS in 96-well plates. Growth was monitored for 5 to 7 days by a colorimetric pCXN2. In addition, a Kozak consensus sequence was placed upstream of ATG
assay, which monitors cell numbers (60). Each treatment group contained six codon for proper translation. The insert was checked for expression by in vitro
replicates. The cells were fixed with 10% trichloroacetic acid (TCA) and were transcription and translation before being cloned into pCXN2 (data not present-
stained with 0.4% sulforhodamine B (Sigma) in 1% acetic acid for I h at the end ed). Because of the removal of the UTRs, the transfected gene encodes a
of the experiment. After the cells were washed, the bound dye was eluted from -1.4-kb mRNA which can be readily distinguished from the endogenous one by
the cells with 100 lit of Tris-HCl (pH 10.5) and the absorbance was measured at Northern blot analysis. The cells were stably transfected with comparable con-
570 nm. One control plate was fixed with TCA 8 h after plating to determine the centrations of pCXN2 and GRIM-12 expression vector separately. Multiple
absorbance representing the starting cell number. The absorbance obtained with plates were included in the experiment and selected for G418 resistance. At the
this plate was considered to represent 0% growth. The absorbance obtained with end of 4 weeks of selection, one set of plates was stained with Giemsa to count
untreated cells was taken as 100% growth. When expressed as a percentage of the number of colonies formed. In each case, drug-resistant clones growing in
the value for untreated controls, an increase in cell number falls on the positive second set of parallel plates were pooled and used for Northern blot, enzyme,
scale and a decrease in cell number (death) appears on the negative scale. This and growth analyses.
method quantitates cell growth with an accuracy comparable to that of Coulter Northern blot analysis. Total RNA (20 Itg) was separated on 1% formalde-
counting. To determine the cell cycle distribution, cells collected after various hyde-agarose gels, transferred to a nylon membrane, and probed with the 32p_
treatments were fixed and stained with propidium iodide as described previously labeled PCR product of GRIM-12 eDNA. Prehybridization, hybridization, and
(62). The samples were analyzed by flow cytometry (Becton-Dickinson). washing was carried out under stringent conditions (27).

Construction of the antisense expression library. Total RNA from the BT-20 Western blot analysis. Total protein was extracted by freeze-thaw method
breast tumor cell line, treated with IFN-13 (500 U/ml) plus RA (1 tiM) for 0, 2, after various treatments. Total protein (10 Rg) was separated on a 10% acryl-
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amide gel and transferred to a polyvinylidene difluoride membrane (NEN). The 100
membranes were incubated with a primary antibody raised against the peptide
VVGFHVLGPNAGEVTQGFAA, derived from the native enzyme (16). After
stringent washing, the membranes were incubated with anti-rabbit immunoglob- 60
ulin G (IgG) antibody conjugated to horseradish peroxidase and developed with 40 [AJM_ 7IDI
ECL reagents. 20

In vitro transcription and translation. GRIM-12 was subcloned into pBlue- 0 -

script KS vector (Stratagene) under the control of the T7 promoter. Plasmid -0
DNA (1 Ixg) was linearized with HindlII, and in vitro transcription was per- 100
formed with the 'P7 RNA polymerase (Promega). The resultant RNA was pro - _

grammed into nuclease-treated rabbit reticulocyte lysates (Promega) in the pres- "
ence of [35S]methionine. Translation products were separated by sodium dodecyl 40 0
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) (10% polyacrylamide), g 40
dried, and fluorographed. 20 [DI B [El

Bacterial expression. pET-32B (Novagen) and pGEX-2TK (Pharmacia Bio- r 0 - --
tech) were used as cloning vectors. The GRIM-12 ORF was PCR amplified from 0
the pTKO1-GRIM-12 eDNA clone with the forward primer 5'-CCAAGCT'FA ' -20

TGAACGGCCCTGAAGATC-3' and the reverse primer 5'-CCGAATTCTCA u 100
GCAGCCAGCCTGGAG-3' (start and stop codons in boldface). These primers s 0
contained HindIII and EcoRI sites, respectively, for directional cloning. PCR was O 60
carried out for 10 cycles. The PCR product was treated with T4 DNA polymerase 40
and digested with HindIl. It was subcloned into pET-32B at the HindlIl and
XhoI sites (the sites were blunt ended). ID was PCR amplified from pTKO1- 20 2[C RB IF]

GRIM-12 eDNA clone DNA with the forward primer 5' CCAAGCTTATGGT 0
GCCCTACATCTATGCC 3' and the reverse primer 5' CCGAATTCTCAGCA -20
GCCAGCCTGGAG 3'. These oligonucleotides contained BamHI and EcoRI -40
restriction sites, respectively, for subcloning the amplified inserts. The 0 100 200 300 400 500 0 100 200 300 400 500 600
PCR product (535 bp) was digested with EcoRI and BamHI and subcloned into
pGEX-2TK. IFN (U/ml)

pET-32B-GRIM-12 and pGEX-2TK-ID were transformed into E. coi
BL21DE3, and transformants were grown in 2YT medium (Life Technologies FIG. 1. Cells were grown in the presence of various doses of IFNs and RA (1
Inc.). A 2-liter culture was induced with IPTG (0.1 mM) at mid-log phase for 4 h iM) for 7 days. At the end of the experiment, the cells were fixed and stained
at 37'C. The cells were harvested, washed with 200 ml of buffer (20 mM Tris-HCI with sulforhodamine B as described in Materials and Methods. The absorbance
[pH 7.9], 500 mM NaCI, 1 mM MgCI2 , 1 mM CaCI2, 0.01% Triton X, 5 mM at 570 nm of bound dye was quantified and expressed as a percentage of un-

dithiothreitol) and suspended in 20 ml of buffer. They were sonicated, and the treated controls. Each datum point is the mean -t standard error (SE) of six
clarified supernatants were passed through Ni-chelation-Sepharose or glutathi- replicates. Symbols: 0, IFN-a; 7, RA plus IFN-a; T, IFN-I3; 0, RA plus IFN-13;
one-Sepharose 4B depending on the fusion tag as recommended by the manu- <>, IFN--y; *, RA plus IFN-y; 0, RA. Human MCF-7 and BT-20 and murine RB1
facturer. After elution, the proteins were separated by SDS-PAGE (10% poly- breast carcinoma cells were treated with human and murine IFNs, respectively.acrylamide) and subjected to silver staining. Absorbance values for 0 and 100% growth in this assay, respectively, are as

Protein interaction studies. Purified GRIM-12 and ID proteins were mixed follows: MCF-,7, 0.185 and 1.75; BT-20, 0.201 and 2.03; and RB1, 0.172 and 1.59.
and incubated for 15 min at 25°C and then for 15 min at 4"C in enzyme assay Values on the negative scale indicate death of initially plated cells.
buffer. After incubation, the samples were passed through Ni-chelation-Sepha-
rose or glutathione-Sepharose 4B columns, washed extensively with HEPES (pH
7.6) containing 50 mM NaCI, and eluted. The proteins were separated by SDS-
PAGE (10% polyacrylamide). The gels were electroblotted onto a polyvinylidene previously shown that the human IFN-13-RA combination was
difluoride membrane, probed with TR-specific antibody, and developed with a stronger inhibitor of human tumor growth in athymic nude
ECL reagents to visualize the bands. Western blotting was chosen to discern any mice than either agent alone (34). Since the IFN-P used in
residual nonspecific interaction through the tags.

Enzymatic assay. TR activity was determined as described previously (23). Cell that study was highly species specific and these mice lacked
extracts were prepared by freeze-thaw lysis after IFN-RA treatment. A 20-pg cytotoxic T cells, we hypothesized that growth suppression was
portion of extract was incubated with insulin, NADPH, and thioredoxin (Trx) in largely due to a direct effect of the human IFN-0-RA combi-
0.2 M HEPES (pH 7.6) for 20 min at 37°C. The reactions were stopped with 6 M nation on the tumor cells rather than an activated host immune
guanidinium hydrochloride-0.4 mg of dithiobis(2-nitrobenzoic acid) per ml in 0.2
M Tris (pH 8.0). The absorbance at 412 nm was measured. In each case, a system. To directly demonstrate that the IFN-RA combination
corresponding control without Trx was used to determine the basal level of TR was tumoricidal in vitro, we treated several breast carcinoma
activity (due to endogenous Trx and NADPH). Absorbance values obtained from cell lines with various IFNs alone or in combination with RA
these controls were subtracted from those obtained with the reaction mixtures and, after 1 week, measured cell growth with sulforhodamine B
that contained Trx and NADPH. A control reaction without cell extracts but with
all the reaction components was also used. Triplicate samples were measured for (60). Increasing doses of IFN-ot or IFN-1 alone did not cause
enzymatic activity. Pure TR was used as a positive control, significant growth inhibition in MCF-7 (an estrogen-responsive

PKR and RNase L assays. PKR activity was measured by eukaryotic protein breast carcinoma cell line) in vitro (Fig. 1A). Similarly, RA (1
synthesis initiation factor (elF-2a) phosphorylation (51). Phosphorylation of pM) alone did not significantly inhibit growth. Combination of
eIF-2ot was monitored by vertical slab isoelectric focusing followed by Western
blotting with eIF-2a-specific antibodies. Cell lysates were also analyzed for the various doses of IFN-s or IFN-p with RA caused dose-depen-
presence of PKR, eIF-2a, and actin by Western blotting with specific antibodies, dent growth inhibition. When combined with RA, IFN-a or
RNase L activity was monitored by cross-linking equal amounts of cell extracts IFN-P3 caused cell death at low doses (150 to 200 U/ml). Al-
with 32P-labeled 2-5A (42) followed by SDS-PAGE (10% polyacrylamide) and though both IFNs in association with RA were cytotoxic in
autoradiography. Levels of RNase L protein were measured with a monoclonal
antibody against human RNase L. The activity of these enzymes in tumor sam- vitro, in several experiments IFN-P was consistently a more
ples was determined as follows. Athymic nude mice bearing palpable human potent inducer of cell death than was IFN-o. To determine
tumor xenografts (5 mm in diameter) were treated with the indicated agents for whether cell death could be observed in estrogen-independent
8 weeks as described previously (34). Tumors from each treatment group were cells, we examined the effects of the IFN-RA combination in
harvested and snap frozen in liquid nitrogen, and tumor protein extracts (50 t~g)
were assayed for enzymatic activity. BT-20 cells (Fig. 1B). RA alone failed to inhibit BT-20 cell

Nucleotide sequence accession number. The GenBank accession number for growth. Unlike MCF-7, BT-20 cell growth was inhibited by
the sequence of GRIM-12 is AF077367. .IFN-R3. However, the combination of RA (1 l.M) with IFN-3

(100 U/ml) caused cell death. Similarly, murine IFN-P-RA
RESULTS induced death in RB1, a cell line derived from a polyomavirus-

transformed murine breast tumor (Fig. IC). Although the data
The IFN-ot, IFN-0, and RA combination synergistically in- in the figure depict partial cell death, all the cells were killed by

duces cell death in human breast carcinoma cells. We have the combination after 9 days in various experiments (data not
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C r active enzyme (Fig. 3A and B). RNase L activity was measured
100 Control IFN-3 in MCF-7 cells treated in vitro (lanes C) and also in tumor

800 xenografts (lanes T) that regressed in vivo after IFN-RA ther-
apy. In all cases, RNase L activity was not significantly different

600 from that of untreated controls (lanes N). We also did not

- 40( detect cleavage of rRNA, a characteristic of RNase L activa-
ca" 200 S I s tion, in these cells (data not shown).

. ,k Another IFN-induced enzyme, PKR, phosphorylates elF-

1 00 RA R +IFN- 2(x, leading to a cessation of polypeptide synthesis and cell
S1. Agrowth arrest'(50). There was no change in the levels of PKR

U 800 and eIF-2ot or the enzymatic activity of PKR in MCF-7 cells

600 (Fig. 3C, D, and F). Phosphorylation of eIF-2ct occurred in

400 - -confluent NIH 3T3 cells but not in subconfluent ones (3, 50).
However, phosphorylation of eIF-2a in MCF-7 cells treated

,. S: either with IFN-P, RA, or the combination was not different
0- from that of untreated cells (Fig. 3F, lanes 3 to 6). Similarly, no
0 32 64 96 128 0 32 64 96 128 increase in the intratumoral PKR activity was observed follow-

DNA Content ing any treatment in MCF-7 tumors (data not shown). In ad-
FIG. 2. MCF-7 cells were treatcd with RA (1 RIM) or IFN-[3 (500 U/ml) or dition, we did not detect an increase in p53 tumor suppressor

the combination for 5 days. Ti e cells were fixed and stained with propidium or BAX (a promoter of cell death) or a decrease in 102 (an
iodideafter RNasc A treatment. Fluoresccnce-activated cell sorter and cell cycle inhibitor of death) under these conditions (data not shown).
analyses were performed, i)ead cells are indicated by a solid arrow. Genetic approach to isolation of cell death genes. Because

no correlation could be found between the expression of known
growth-regulatory genes and IFN-RA-induced cell death, we

shown: see Fig. 4). To examine whether RA also enhanced the sought to identify the death-associated genes by using an an-
cell growth-inhibitory actions of IFN--y, similar growth assays tisense knockout approach (12). In principle, a death-associ-
were performed. IFN-y alone did not inhibit growth, but co- ated gene can be isolated by antisense inactivation of the gene.
treatment with RA enhanced its effect (Fig. ID to F). Notably, In this method, cells are transfected with an antisense cDNA
the IFN--y-RA combination did not cause cell death even library derived from tumor cells cloned in an episomal expres-
at higher doses (500 U/nil). Thus, type I IFNs, when combined sion vector. If this library contains death-mediating gene prod-
with RA, cause cytotoxicity in several tumor cell lines. ucts, the corresponding antisense RNA will inhibit the expres-

Microscopic examination of cells demonstrated a dose-de-
pendent cytotoxic effect. Scanning electron microscopic anal-
yses revealed a phenotype consistent with programmed cell N I R I+R
death (data not presented). However, we did not observe clas- N " R 4-R
sical internucleosomal fragmentation of genome in terminal T- 'T
dcoxynucleotidyltransfcrase-mediated dUTP-biotin nick end [A]
labeling (TUNEL) assays (data not presented). To determine
whether there was an arrest of cells in a given phase of cell [B]
cycle during induction of death, the cells were treated with 1 2 3 4 5 6 7 8
various agents for 5 days, stained with propidium iodide, and
analyzed by fluorescence-activated cell sorting. Untreated cells N I R I+R
exhibited a normal cell cycle profile (Fig. 2A). Neither IFN-3 [C]
nor RA caused cell cycle arrest, consistent with the cell growth [D] .
assays. Interestingly, the IFN-P-RA combination also did not
cause cell cycle arrest yet readily induced cell death (Fig. 2D). [E]
Although in qualitative terms the IFN-RA-treated cells appear 1 2 3 4
to show some accumulation in G2/M, quantitative data from N I R I+R
several experiments did not reveal a significant difference from IF]
other controls (data not presented). The hypodiploidy seen in,[F]
Fig. 2D may represent the cell corpses containing randomly 1 2 3 4 5 6
digested subnuclear components. Thus, cell death occurred FIG. 3. Activation of IFN-stimulated growth-inhibitory gene products does
independently of growth arrest, not occur during IFN-RA-induced cell death. (A) Binding of 32

p-2,'5'-oligoad-

IFN-RA-mediated cell death does not involve known IFN- enylate to RNase L. (B) Western blot analysis of RNase L. Labels above the
stimulated gene products. We next examined whether induc- arrows: N, no treatment; I, IFN-P; R, RA; l+R, IFN-P plus RA. Labels below
tion of cell death was due to an enhanced activity or expression the arrows: C, cultured MCF-7; T, MCF-7 tumor xenograft in athymic nude

mice. The following doses were used: in vitro, RA (I tiM) and [FN-P (500 U/mI)of IFN-stimulatcd gene products known to cause growth arrest for 5 days: in vivo, RA (300 tpg, oral) and IFN-P3 (10' U, subcutaneous) every day
and apoptosis. Two gene products, PKR and RNase L, have for 40 days. Cell or tumor extracts (71 p1g) were assayed for various proteins. (C
been shown to cause growth inhibition in some cell types (3, to E) Western blot analyses of MCF-7 lysates (50 tig) witlh spccific antibodies:
19). The cells were treated with various agents for 5 days, and anti-PKR (C), anti-elF-2ot (D), and anti-actin (E). (F) PKR activity as measured

by phosphorylation of elF-2s. Lanes 1 and 2 represent PKR activity in thethe enzymatic activities of these proteins were analyzed. No untreated and hemin- and double-stranded dsRNA-lreatcd rcticulocyle lysates
increase in 2',5'-oligoadenylate synthetase activity was noted (50 jig), respectively. Lanes 3 to 6 show PKR aclivity in MCF-7 lysates (50 Rg)
after any of the treatments (data not shown). A downstream after treatment with various agents in vitro. After vertical slab gel isoelectric
enzyme, RNasc L, cleaves cellular RNAs after binding to 2',5'- focusing, the gels were Western blotted and probed with anti-eF-2"-specific

antibodies. The positions of phosphorylated atd tplhosphiorylated el F-2o are
oligoadenylates (59). There was no change in the levels of indicated by solid and open arrowheads, respectively. The labels above panels C
RNase L or the 2',5'-binding activity, an indirect measure of to F are as explained above for panel A.
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pTKOI GRIM12 clone we isolated is incomplete. The 3' UTR is 1,896 bases
long. The predicted molecular mass of the protein is 54.4 kDa.
Figure 5 shows the deduced amino acid sequence of this eDNA.
Sequence analysis revealed that this cDNA was identical to

4} 1% that of human TR (16), except for an arginine in place of serine
at 156, an asparagine in place of glycine at 215, and an arginine
in place of serine at 491. The active center of the enzyme ap-
pears to be formed by the cysteine residues at 57 and 62. Ho-
mology searches revealed that in addition to TR, it was iden-

FIG. 4. Protection of MCF-7 cells by antisense GRIM-12 episome. The cells tical to a protein described as "KM-102 bone marrow-derived
were electroporated with the indicated episomes (20 [tg) and selected for 4 reductase-like factor" (GenBank accession no. D88687) be-
weeks with IFN-3 (500 U/ml), RA (1 iM), and hygromycin B (100 tig/ml).
Surviving cells were fixed with TCA (10%) and stained with Giemsa. tween residues 53 and 549 (38). However, the KM-102 reduc-

tase has an additional 52 amino acids that is unique to it. The
deduced protein sequence also exhibited a close homology to a

sion of that endogenous gene. Consequently, only cell clones predicted glutathione reductase gene from Caenorhabitis ele-

that express the death-related antisense mRNA will survive in gans.

the presence of the death inducer. Hirt DNA extracts from the To examine whether the GRIM-12 eDNA contained an in-

surviving cell clones can be isolated and transformed into E. tact ORF, the insert was cloned into pBluescript under the

coli to rescue the inserts. The rescued episomes are retrans- control of T7 promoter. The cloned insert was transcribed and
fected individually into the breast tumor cells to identify the translated in vitro with rabbit reticulocyte lysates. GRIM-12
death-related products and eliminate false-positives isolated in cDNA encoded a protein that migrates as a 58-kDa species on
the first round of transfection. SDS-PAGE (10% polyacrylamide) (Fig. 6A). The ORF was

To isolate the death-associated genes, we prepared antisense also placed downstream of a histidine tag in pET32B vector
cDNA libraries cloned in the episomal vector, pTKO1 (see and expressed in E. coli. The fusion protein was purified on
Materials and Methods). An IFN-stimulated gene promoter Ni-chelation columns. A 78-kDa fusion protein was expressed
drives the expression of antisense RNAs in this vector. This (Fig. 6B). This protein contained 20 kDa of tag-derived se-
library (40 jig) was electroporated into HeLa cells (-50% quences. Removal of tag sequences yielded a 58-kDa protein
transfection efficiency) and selected for resistance to hygromy- (data not shown). Thus, in both eukaryotic and bacterial ex-
cin B, human IFN-P, and RA as described in Materials and pression systems, it encodes a polypeptide of 58 kDa, which
Methods. Hirt DNA extracts were prepared from surviving was higher than the predicted 54.7 kDa. This difference could
clones, digested with DpnI (to inactivate unreplicated input be due to posttranslational modifications. Indeed, sequence
DNA), and transformed into E. coli DH10B by electropora- analyses suggested several phosphorylation sites. However, the
tion. A total of 24 individual episomes were rescued in the first contributions of these sites to the enzyme activity remain to be
round. Each purified episome was then individually transfected determined. Bacterially expressed fusion protein was analyzed
into MCF-7 and BT-20 breast carcinoma cell lines and exam- in Western blots with rabbit polyclonal antibodies specific for
ined for cell protection against IFN-RA-induced death. At the human TR. These antibodies readily recognized the fusion
end of two rounds of screening, 14 episomes consistently con- protein but not the tag (Fig. 6B). Thus, GRIM-12 encoded TR.
ferred growth advantage to cells in the presence of IFN-RA Effect of the IFN-RA combination on the expression of GRIM-
(500 U/ml plus I jiM). Partial sequence analyses revealed that 12. To study the effect of the IFN-RA combination on GRIM-
several of these were novel genes (data not shown). We have 12, we first examined whether its mRNA levels were inducible.
named them GRIM (genes associated with retinoid-IFN-in- Treatment of MCF-7 and BT-20 cells with the IFN-RA com-
duced mortality). We chose one of these, GRIM-12, for further bination did not induce the mRNA significantly, although a
characterization, mainly because it contained the largest insert, marginal increase could be seen at 48 or 72 h (Fig. 7). Re-
GRIM-12 clearly protected MCF-7 cells against IFN-RA-in- probing of these blots with a glyceraldehyde 3-phosphate de-
duced death (Fig. 4). No surviving colonies were seen in the hydrogenase probe confirmed the presence of comparable
control plate transfected with pTKO1 vector alone. Thus, amounts of RNA in all the lanes (data not shown). Thus, the
transfection of the GRIM-12 (in antisense orientation) epi- IFN-RA combination does not regulate the transcription of
some conferred strong protection against IFN-RA-induced GRIM-12.
death. To examine whether the IFN-RA combination enhanced the

Identification of GRIM-12 as human TR. The GRIM-12 epi- expression of GRIM-12 protein, Western blot analysis was
some was completely sequenced on both strands. An ORF ca- performed. The IFN-RA combination induced GRIM-12 pro-
pable of encoding a 495-amino-acid polypeptide, and long 3' tein in a time-dependent manner. There was no detectable
and 5' UTRs were present in this cDNA. The 5' UTR in the induction until 8 h posttreatment. Between 8 and 72 h, the TR

MNGPEDLPKSYDYDLI I IGGGSGGLAAAKEAAQYGKKVMVLDFVTPTPLGTRWGLGGTCVNVGCI PKKLMHQAALLG

QALQDSRNYGWKVEETVKHDWDRMI EAVQNHI GSLNWGYRVALREKKVVYENAYGQFIGPHRI KATNNKGKEKI YSA

ERFLIATGERP RYLGI PGDKEYCI SSDDLFSLPYCPGKTLWGASYVALECAGFLAGIGLNVTVMVRSILLRGFDQD

MANKIGEHMEEHGI KFIRQFVPIKVEQIFAGTPGRLRWAQSTNSEEI IEGEYNTVMLAIGRDACTRKIGLETVGVK

INEKTGKI PVTDEEQTNVPYIYAIGDILEDKVELTPVAIQAGRLLAQRLYAGSTVKCDYENVPTTVFTPLEYGACGL

SEEKAVEKFGEENI EVYHSYFWPLEWTI PSRDNNKCYAKI ICNTKDNERWGFHVLGPNAGEVTQGFAAALKCGLTK

KQLDSTI GIHPVCAEVFTTLSVTKRSGARILQAGC
FIG. 5. Amino acid sequence of GRIM-12. Cysteine residues of the active site (ilderlincd) are shown in boldl'acc.
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[A] [B] [C] Time(h) 0 2 4 8 16 24 4872

77 BT-20

68- 1 2 3 4 5 6 7 8
FIG. 7. Northern blot analysis of GRIM-12 with RNA (20 jig) derived from

43- MCF-7 and BT-20 cells after treatment with the IFN-P (500 U/ml)-RA (1 JIM)
combination.

1 2 12 12
face domain is crucial for the generation of functional

FIG. 6. Identification of GRIM-12 as human TR. (A) GRIM-12 cDNA enzyme
cloned in pBluescript (pBS) vector was transcribed and translated in vitro by via dimerization.
using rabbit reticulocyte lysate. The protein encoded by GRIM-12 is indicated by To determine whether these domains acted as dominant
an arrow. (B) Expression of GRIM-12 in bacteria. Bacterial lysates were purified inhibitors of endogenous GRIM-12 (TR), we created deletion
on a Ni-chclation-Sepharosc column before SDS-PAGE and silver staining. (C) mutants that contained only one domain by using region-spe-
Western blot analysis of the protein samples shown in panel B, using a human
TR-specific antibody. cific oligonucleotides and PCR. These inserts were subcloned

into an eukaryotic expression vector, pCXN2, which also car-
ried a neomycin resistance gene for selection in mammalian
cells. Recombinant vectors were then transfected into MCF-7

protein level increased progressively (Fig. 8). We next deter- and BT-20 cells, and stable cell lines were established. Expres-
mined whether an increase in the TR protein level correlated sion of the GRIM-12 mutants was ascertained by Northern
with an increase in enzymatic activity. Insulin reduction assays blot analysis (Fig. liB). Comparable amounts of mutant do-
were performed to measure TR activity by using cell extracts mains were present in the cell lines. As anticipated, expression
from IFN-RA-treated cells. Indeed, the enzymatic activity of of GRIM-12 mutants was not seen in cells that were trans-
TR increased progressively with the length of IFN-RA expo- fected with vector alone. No differences in the growth rates of
sure of cells (Fig. 9). The decrease in the enzymatic activity at stable cell lines expressing various mutants were noted (data
92 h posttreatment may be due to extensive cell death at that not presented).
particular point. To test the effects of IFN, RA, and their combination,

Antisense inhibition of TR expression by GRIM-12. Since growth assays were performed with cell lines that expressed
the above experiments indicated that an increase in the TR various domains of GRIM-12. Treatment with either IFN-P3
activity was responsible for death, we determined whether cell (500 U/ml) or RA (1 ILM) alone did not cause significant
survival was due to a reduction of TR expression in the cells growth inhibition in any cell line (Fig. 12A). These observa-
expressing the GRIM-12 episome. Because original antisense tions were consistent with the sensitivities of the parental cell
rescue was performed in HeLa cells, we used two stably se- line (Fig. 1). However, treatment with the IFN-RA combina-
lected pools of HeLa cells, one that expressed the pTKO1 tion induced cell death in untransfected cells and those that
vector alone and one that expressed the GRIM-12 antisense were transfected with vector alone. Expression of the FAD
episome. Northern blot analysis revealed a strong expression domain did not significantly inhibit the cell growth-suppressive
of antisense mRNA only in the GRIM-12-transfected cells effect of IFN-RA. The NADPH binding domain conferred
(Fig. 10A). To determine if antisense GRIM-12 caused a re- slight protection against IFN-RA-induced cell death. However,
duction in the level of TR protein, equal amounts of total cell the ID provided the strongest protection compared to other
lysates from these cells were subjected to Western blot analy- domains (Fig. 12B). Remarkably, the IFN-RA combination
sis. Indeed, antiscnse expression of GRIM-12 mRNA accom- could inhibit -60% of cell growth even when the ID was
panied a strong reduction in the level of TR protein (Fig. 10B). overexpressed. This was not a clonal effect, because similar
Using the same extracts, we also determined the enzyme ac- data were obtained for a pooled population of 100 clones (data
tivity. Cells expressing antisense GRIM-12 had a sevenfold not presented). Similar results were obtained with BT-20 cells
lower TR activity compared those from the control cells (Fig. (data not shown). These data confirmed the role of GRIM-12
10C). These data indicate that antisense expression of as a mediator of cell death in response to IFN-RA treatment.
GRIM-12 in long-term culture can repress TR expression. We next examined whether ablation of IFN-RA-suppressed

Overexpression of GRIM-12 mutants inhibits IFN-RA-in- cell growth was due to a decrease in the enzymatic activity of
duced cell death. Since GRIM-12 (TR) was isolated as an ac- TR in cells expressing the mutants. Insulin reduction assays
tivator of IFN-RA-stimulated cell death, we next examined
whether overexpression of specific subdomains of TR in the
cells would also ablate the death induction by the IFN-RA Time (h) o
combination. Based on its relationships to other members of T h

the glutathione reductase-TR family, a modular structure of
GRIM-12 was predicted (16). An N-terminal FAD binding do-
main (FAD domain or active domain) and a central NADPH
binding domain (NBD) and a C-terminal interface domain
(ID) are the major functional modules of this enzyme (Fig. 1 2 3 4 5 6 7 8
11 A). The FAD domain contains the cysteine residues essen- FIG. 8. Western blot analysis of cell extracts (70 jig) prepared after IFN-13
tial for the reduction of its substrate, Trx. The NBD binds (500 U/ml)-RA (I pM) treatment as in Fig. 7. The blots were probed with

NADPH, an essential cofactor for redox enzymes. The inter- TR-specific antibody.
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FIG. 9. TR activity in IFN-RA-stimulated MCF-7 cell extracts. The cells
were treated as described in the legend to Fig. 8. TR activity was determined with " 0.
20 pjg of cell extract from each sample. Each bar represents the mean absor- 1 2 1 2
bance ± SE of triplicate measurements.

FIG. 10. Antisense expression of GRIM-12 interferes with TR expression.
were performed to detect these differences. Cells that ex- HeLa cells transfected with the pTKO1 or GRIM-12 episome were stably se-
pressed vector alone had the highest enzymatic activity (Fig. lected with hygromycin B for 4 weeks as described in Materials and Methods. (A)

12C). Cells expressing the FAD domain had a marginal loss of Total RNA (40 jig) from each cell line was used for Northern blotting. The blots

enzymatic activity. Cells with the NBD had intermediate inhi- were probed with 
32

P-labeled GRIM-12. Solid and open arrowheads indicate the
positions of antisense and sense GRIM-12 mRNAs, respectively. (B) Expressionbition of TR activity. Expression of ID caused the greatest of TR protein in the antisense GRIM-12-transfected cells. Equal amounts of the

reduction in enzymatic activity. Thus, ablation of enzymatic cell extract (50 Kig) from the indicated cells were analyzed by Western blotting.

activity correlated well with loss of growth suppression by the Note the differences in expression of TR protein between the two cell types. (C)
IFN-RA combination (Fig. 12C). TR activity of the cells used in panels A and B. Cell extracts (20 jig) were assayed

for TR as described in the legend to Fig. 9. Each bar represents mean absor-
Since IFN-RA-induced growth inhibition occurred in the bance ± SE of triplicate determinations.

cells expressing the ID mutant, it is possible that the mutant
acts as an inefficient inhibitor due to a nonnative structure.
Therefore, we examined the effect of AZ, a known chemical data show that the mutant and wild-type proteins interact with
inhibitor of TR (52), on IFN-RA-induced cell death. As ex- each other in vitro in the absence of other proteins.
pected, IFN-RA caused cell death in MCF-7 cells. Although GRIM-12 specifically mediates IFN-RA-induced death. We
AZ itself was slightly inhibitory (7%) under the growth condi- next examined whether ID also blocked the growth-inhibitory
tions used, it clearly abrogated IFN-RA-stimulated death in effects of other cytotoxic agents. For this purpose, cell clones
MCF-7 cells (Fig. 12D). Interestingly, IFN-RA caused signif- expressing vector alone, FAD, or ID were treated with tumor
icant growth inhibition (70%) even in the presence of AZ. necrosis factor alpha (TNF-A), oid e or vincristine and
Thus, genetic and chemical inhibition of TR ablates IFN-RA- monitored for growth inhibition (Fig. 14). The cells were
induced cell death. Importantly, IFN-RA-induced growth-in- treated with concentrations of these drugs near their 50%
hibitory actions continue to operate under both these condi- trae wihcn nrtosofhseduserter5%tions, inhibitory concentration. Growth of cells transfected with vec-

tios. tor alone was strongly inhibited by all three agents. Overex-The ID associates with full-length TR in vitro. The above pression of either the FAD or ID domain did not confer a
results suggested that the dominant negative effect of ID was growth advantage in the presence of these agents. Therefore,
probably due to its interaction with endogenous TR. To di-
rectly test whether ID interacted with the full-length protein,
we expressed both these proteins separately in E. coli. Full-
length GRIM-12 and ID were expressed as His-tag fusion and [A]
glutathione S-transferase (GST) fusion proteins, respective-FAD NBD ID
ly. Purified proteins (Fig. 13A and B) were tested for interac- N aa 1 .4 .a.171 -.-127 aa 114 aa 171 aa
tion with each other on different matrices (Fig. 13C). These
proteins were incubated in HEPES (pH 7.6) and then passed
over either Ni-chelation-Sepharose (Fig. 13C, lanes 1 to 4) or > [a Z
glutathione-Sepharose (lanes 6 to 9). The Sepharose-bound FL*
material was washed extensively, eluted, and loaded on 10%
polyacrylamide gels for SDS-PAGE. The GST tag and hexa-
histidine tag alone were used as negative controls to demon-
strate the specificity of interaction. Ni-chelation-Sepharose
and glutathione-Sepharose were used as additional negative DN-
controls. GST-ID (lane 3) and His-GRIM-12 (lane 9) bound to
the glutathione-Sepharose and Ni-chelation-Sepharose, respec-
tively (Fig. 13C). The two proteins interacted with each other 1 2 3 4

when coincubated. Consequently, GST-ID was pulled down FIG. 11. Expression of various functional domains of GRIM-12 (TR) in

along with His-GRIM-12 by Ni-chelation-Sepharose (lane 8). MCF-7 cells. (A) Proposed functional domains of GRIM-12 protein and their
approximate sizes. N and C indicate the amino and carboxyl termini, respectively,

Similarly, His-GRIM-12 was pulled down along with GST- of the native protein. aa, amino acids. (B) Northern blot analysis of total RNA

ID by glutathione-Sepharose (lane 4). Neither Ni-chelation- (40 jig) from various cell lines with the GRIM-12 probe. Labels above the panel

Sepharose (lane 6) nor His tag alone (lane 11) interacted with indicate plasmids transfected into the cells. V, pCXN2 vector; FAD, FAD do-

GST-ID. Therefore, it was not pulled down along with them. main; NBD, NADPH binding domain; ID, interface domain; FL, full-length
mRNA; DN, dominant negative mutants. The lanes contained comparable amounts

Similarly, His-tag GRIM-12 did not interact with either gluta- of RNA as detected by the glyceraldehyde-3-phosphate dehydrogenase probe
thione-Sepharose (lane 2) or GST tag alone (lane 1). These (data not shown).
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120 [A]______ 50solid arrowhead) in the GRIM-12-transfected cells. A larger

1[B] species of endogenous mRNA was also seen in pCXN2- and
GRIM-12-transfected cells (open arrowhead). Enzyme assays

o revealed approximately 3.5-fold more enzyme activity in
, GRIM-12-transfected cells than in those that expressed the

o 40 vector alone (Fig. 15D). We next examined whether GRIM-10 12-transfected cells were more sensitive to IFN-RA-induced
cell death. Indeed, IFN-RA caused significantly higher cell

>, 0 " >' =a '= death in GRIM-12-expressing cells than in those expressing

;D -, 1 - 10 the vector (Fig. 15E).

IFN-P RA Z
DISCUSSION

0.12 [DI Although IFNs robustly suppress the growth of several leu-

0.12 C] kemias, they are less effective against solid tumors like breast
80 tumors and melanomas (18, 28). Our studies show that com-

0 j"O.08 bination of IFN-ct/3 with RA, but not the single agents, causes
40cell death in vitro. At a comparable dosage, only IFN-a/3 but40

a 04not IFN-y causes cell death in the presence of RA (Fig. 1),
S0.04 0 suggesting that these two cytokines use different mechanisms

0
> -40

Z AZ IR AZ+IR Insert None ID None GRIMI2

FIG. 12. Effects of IFN-P (500 U/mil), RA (1 M), and. their combination on [A] Inducer _ 0. [B] " "- -"1
the growth of MCF-7 cells expressing various domains of GRIM-12. (A) Effects + + - +
of the single agents on the cell growth described in the legend to Fig. 10. (B)
Effects of the IFN-RA combination on cell growth. Growth assays were per-
formed as described in the legend to Fig. 1. Each bar represents the mean t SE
of six replicate determinations in the same experiment. UT, untransfected cells.
Other notations are explained in the legend to Fig. 11 B. Mean absorbance values tag *- ik

for 0 and 1010% growth, respectively, in this experiment are as follows: UT, 0.195
and 1.83: V, 0.210 and 2.30; FAD, 0.18 and 0.185; NBD, 0.207 and 0.211; ID, 0.17 tag
and 1.83. (C) TR activity of the cells shown in panel B. Each bar shows the 1 2 3 4 1 2 3 4
mean ± SE of triplicate determinations. Cell extracts (25 [hg) were assayed as
described in Materials and Methods. (D) Effect of AZ on IFN-RA (IR)-induced GST fusion His-tag fusion
cell death. MCF-7 cells were incubated with the indicated agents, and growth was
measured after 6 days. Note the cell death in the IR column and its inhibition by a
AZ (10 jiM). Mean absorbance values for 0 and 100% growth arc 0.186 and 1.52, [C] .2 "
respectively. IQ EC ac

Z

TNF-a, etoposide, and vincristine did not require GRIM-12 GST-ID - - *t 4GS
for inhibiting cell growth. These data suggest a specific partic- His-GRIMI2 - - 4 4. Gs-IMipation of GRIM-12 in the IFN-RA-induced cell death path- Hisd -g + + + + + His-GRIMi2
way. Gistidine-Tag - - - -Il l + Histidine-Tag

Effect of GRIM-12 overexpression on cell growth. Since the GST-Tag 4 + GSTTag

above experiments indicated that interference with TR expres-
sion and function prevents IFN-RA-induced cell death, we w1 ,
examined the effect of GRIM-12 overexpression on cell
growth. GRIM-12 ORF cloned in pCXN2 vector was electro-
porated into MCF-7 cells, and G418-resistant clones were se- 00
lected. A parallel control with the expression vector alone was
also included. Multiple plates were used in the experiment.
One set was stained with Giemsa to determine the colony num-
ber. Other plates were used to determine cell growth, mRNA 1 2 3 4 5 6 7 8 9 10 11
expression, and enzyme assay. Although drug-resistant colo- FIG. 13. Binding of purified ID to GRIM-12 (TR) in vitro. ID and GRIM-12

nies formed in both cases, significantly fewer colonies formed were expressed as GST and histidine-tagged fusion proteins in E. coli. Pure
in the case of GRIM-12-transfected cells (Fig. 15A). This re- proteins were obtained after two rounds of chromatography on glutathione-
sult suggested that cells expressing the highest level of Sepharose or Ni-chelation-Sepharose columns. (A and B) Silver-stained SDS-

PAGE gels (10% polyacrylamide), after purification of these proteins. Overex-GRIM-12 died during selection. The surviving drug-resistant pression of fusion protein was performed by treating the cells with an inducer
colonies from pCXN2 (n = 1,000)- and GRIM-12 (n = 750)- (IPTG). (C) Equimolar amounts of purified proteins were preincubated with
transfected plates were pooled separately, and their growth each other before being subjected to chromatography on the indicated column.
was monitored by the sulforhodamine B assay (60). The GRIM- The presence or absence of the proteins in the incubation mixture is indicated
w2-asfecitoed cells ge sinfiodamnlyslower n thoe tRan- by + and -, respectively. Affinity matrices used for separation after protein
12-transfected cells grew significantly slower than those trans- interaction are indicated above the arrows. After elution, the samples were
fected with the vector alone (Fig. 15B). To determine the loaded and separated by SDS-PAGE (10% polyacrylamide). Pure proteins (one-
expression of transfected gene, Northern blot analyses were fifth of those in other lanes), without passing over the affinity matrices, were
performed with the RNAs derived from pCXN2- and GRIM- loaded in lanes 5 and 10. After separation, the samples were Western blotted

with a TR-specific antibody. Western blotting was used to detect any nonspecific12-transfected cells. A 1.4-kb mRNA was seen only (Fig. 15C, interactions between tags and fusion protein.
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with the IFN-RA combination. Thus, genes expressed at all
80 stages of the cell death process were included in the library

- without a bias for those expressed only after treatment. Be-
cause an IFN-stimulated promoter drives the expression of the

40 antisense inserts, a functional JAK-STAT pathway is required
4. (12). Therefore, antisense RNAs directed against the genes en-

coding IFN receptor chains, JAKs, or STATs cannot account
20 for cell survival in the presence of IFN-RA. In fact, cDNAs

corresponding to these products have not been rescued in our
studies or in other studies (11). Consistent with the possibility

-4 that multiple gene products participate in IFN-RA-induced
-- cell death, we have rescued at least 14 different cDNAs by this

. 10 approach (data not shown). GRIM-12, the cDNA character-
Etoposide TNF-e Vincristine ized in this study, protected cells from IFN-RA-induced death
(200ng/ml) (lng/ml) (0.lng/ml) when expressed in antisense orientation (Fig. 4 and data not

FIG. 14. Effects of other growth inhibitors on cells expressing various do- shown). Sequence analysis of this cDNA revealed that it was
mains of GRIM-12. Cells were challenged with doses of etoposide, TNF-s, and identical to the gene encoding human TR (16). The transcrip-
vincristine near their IC50, and growth assays were performed as in Fig. 1. Mean tion of GRIM-12 mRNA was not induced in these cells by
absorbance values for 0 and 100% growth, respectively, in this experiment are as
follows: V, 0.19 and 2.15; FAD, 0.175 and 1.90; ID, 0.22 and 2.31. Other nota- IFN-RA treatment. However, its expression was enhanced at a
tions are explained in the legend to Fig. 12. posttranscriptional level. The up regulation of the GRIM-12

protein level corresponded to an increase in its enzymatic

to exert antitumor actions. Since cell death induction by the 250
IFN-RA combination is independent of cycle arrest (Fig. 2), it [A 8[B]
appears that different gene products regulate growth arrest and
death activities. Interestingly, IFN-RA-induced death does not 6
involve classic internucleosomal fragmentation of the genome, 150
a hallmark of apoptosis (data not shown). A number of studies, 461- .- 4
including those with IFN-y, have shown that internucleosomal .8 -
DNA fragmentation is not obligatory for programmed cell 50 0
death to occur (9, 11, 55, 56, 65). Taken together, these ob- Z
servations suggest that death regulation by IFNs involves hith- 0 0
erto undefined pathways. e4

Indeed, examination of two IFN-stimulated pathways that
cause growth arrest or apoptosis (50, 59) indicated no signifi- i i 1.
cant changes in the levels and activities of PKR and RNase L [C]
during IFN-RA-induced cell death. In both cultured cells and
regressing tumors, RNase L and PKR activities did not corre- Z
late with growth suppression (Fig. 3). No changes in the phos- 0.4 [D0
phorylation status of pRb or the levels of p53, Bcl2, or Bax C C [E]
occurred during death (data not presented). Consistent with 0.3 40
these observations, IFNs induce cell death independently of 0
p53 in several cell lines (11, 43). Recently, IFN--y has been 0 0.2 PC
shown to induce interleukin-l3-converting enzyme gene ex-

S20pression in HeLa cells that undergo apoptosis (7), indicating 0..
that caspases may be crucial for IFN--y-induced cell death. 0 V-
Indeed, STAT1 is required for basal expression of certain 0.0
caspases (31). However, IFN-, alone or in combination with 00
RA did not cause cytotoxicity in the cell lines used in this study 1
(Fig. 1). Even though IFNs failed to induce the death of the 1-
human breast carcinoma cells used in our study, TNF-cs did so 1 2

rapidly (data not shown). Since TNF-ot induces cell death by FIG. 15. Effect of GRIM-12 overexpression on cell growth. MCF-7 cells were

using caspases (5, 41), activation of caspases appears to be transfected with comparable amounts of pCXN2 or GRIM-12 cloned in pCXN2
normal in these cells. Strikingly, a longer exposure to the IFN- vector. The cells were selected for 4 weeks with G418. (A) One set of plates was
RA combination (3 to 4 days) than to TNF-(x (6 to 8 h) is stained with Giemsa to determine the number of colonies formed. The other was

used for the experiments in panels B to E. (B) Growth of different cell types. Cell
required for death induction. Therefore, IFN-[-RA-induced growth was compared after 6 days of growth by using the sulforhodamine B
cell death may differ from the known pathways and utilize assay. Each bar represents the fold increase in cell number ± SEM of six
some undefined gene products. samples. (C) Northern blot analysis of GRIM-12 mRNA expression. Open and

To identify the functionally relevant death-associated gene solid arrowheads indicate the positions of the endogenous and transfected
GRIM-12, respectively. (D) TR activity in the cells used in panels B and C. Mean

products, we used the antisense technical knockout strategy absorbance values ± SE of triplicate determinations are shown. (E) Effect of
(12). In this approach, specific GRIM are inactivated by anti- IFN-RA. Equal numbers of indicated cells were exposed to IFN-RA (500 U/ml
sense gene products, thus providing a growth advantage to and 1 p.M) for 6 days. The growth assay was performed as described in the legend

transfected cells in the presence of the IFN-RA combination, to Fig. 1. The percentage of dead cells corresponding to each untreated control
was monitored. Each bar represents the mean ± SE of six samples. Mean

The library used in the present study was generated with the absorbance values for 0 and 1001% growth, respectively, for panels B and F are
RNAs isolated from untreated cells as well as those treated as follows: pCXN2, 0.21 and 1.407; GRIM-12, 0.23 and 1.08.
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activity, which also reached its maximum during cell death. WEHI cells (2), it inhibited the growth of certain hepatoma
Thus, there appears to be a direct correlation between enzy- cells (49). These conflicting observations raise the question of
matic activity and cell death. The relationship between inhibi- how a growth-promoting molecule participates in cell death. A
tion of TR gene expression by antisense knockout and cell major difference between our studies and others is the pres-
survival in long-term culture was established by the expression ence of selection pressure exerted by cytotoxic agents. Thus, in
of antisense mRNA, suppression of TR expression (protein), the absence of growth inhibitors, TR-Trx may participate in
and corresponding loss of enzyme activity in the cells that normal cell growth processes. However, in the presence of
expressed antisense GRIM-12 (Fig. 10). inhibitory pressure (e.g., from IFNs or IFN-RA), the TR-Trx
. The observation that antisense mRNA conferred death re- system may activate factors that culminate in cell death. Fur-
sistance by ablating TR expression was further confirmed by thermore, sttidies with overexpressed Trx might represent a
using dominant negative inhibitors derived from GRIM-12 supraphysiological condition, wherein Trx activates only pro-
cDNA (Fig. 12B). Expression of the FAD domain (active site) growth pathways. Unlike such studies, our studies and those of
alone did not confer significant resistance to IFN-RA-induced Deiss and Kimchi (12) lowered the physiological TR or Trx
death. However, expression of the NBD and ID imparted level to provide a growth advantage. That said, TR might also
resistance, with the latter conferring the greatest degree of use substrates other than Trx for inducing death. Indeed, mam-
resistance against IFN-RA-induced death. NBD may interfere malian TR also reduces compounds like selenite, alloxan, vi-
with optimal activities of other death-associated redox en- tamin K and 5,5'-dithiobis(2-nitrobenzoic acid) in vitro (4, 23,
zymes by sequestering NADPH. Since the ID of TR is required 24). Selenite has been shown to inhibit cell growth, and dietary
to generate a functional dimeric enzyme, its overexpression selinium has been shown to reduce the incidence of tumors
may strongly inhibit enzyme activity and also cell death. The (61). Indeed, the addition of selenite to growth media aug-
FAD domain does not significantly interfere with cell death mented the IFN-RA-induced cell death compared to that in
because it may not inhibit enzymatic activity strongly. The control cultures. Furthermore, selenite as a single agent also
differential sensitivity of transfectants to cell death was not due caused some growth inhibition compared to that in untreated
to a difference in the levels of endogenous TR and mutant cells in the present studies (data not shown). Based on these
domains of GRIM-12 (Fig. 11). Due to a lack of a specific observations, we suggest that TR-Trx acts as a "yin-yang" reg-
antibody that detects all these mutants, we were unable to dem- ulatory system in growth control (20). In an analogous manner,
onstrate the expression of the mutant proteins. However, en- depending on the physiologic status of the cell, the proto-
zyme assays revealed that overexpression of ID strongly inter- oncogene myc can act as a growth promoter or as a mediator
fcred with enzymatic activity. They also suggest that inhibition of cell death (21, 44). Irrespective of which mechanism is
of enzymatic activity is required for interference with death operative, our studies assign a novel function to TR in IFN-
induction. It is likely that ID inhibits the activity by binding to RA-induced death pathways.
the full-length enzyme, although the exact in vivo conforma- Since IFN-caI3 and IFN-y use shared signal transducers (10)
tion of the mutant ID molecule is uncertain. Interaction of to regulate cellular functions, they may also use certain com-
purified ID with full-length TR in vitro (Fig. 13) provides sup- mon pathways to inhibit cell growth. Thus, GRIM-12 (TR) and
port for this hypothesis. The interaction between *these pro- Trx (12) may represent converging points of the death pathway
teins is not mediated by their respective expression tags, be- used by these closely related yet functionally distinct cytokines.
cause tags alone do not bind to full-length TR or ID (Fig. 13C). More importantly, the choice of target (TR or Trx) activated
More importantly, a direct role for TR in IFN-RA-mediated during death induction appears to be influenced by the coac-
cell death was supported by several observations (Fig. 15). (i) tivating ligand. In our study, cell death was induced by a com-
Overexpression of GRIM-12 per se resulted in the formation bination of IFN-P and RA, whereas in the earlier study it
of fewer colonies compared to control vector alone (13% less was IFN--y alone (12). Despite these close similarities, other
than the control value; i.e., cells expressing the highest level of GRIMs are not identical to DAP (death-associated protein)
GRIM-12 probably died during the isolation of stable cell genes induced by IFN--y for killing the cells (30). Although
lines). (ii) The clones that survived and expressed TR grew rel- IFN-c/l3 and IFN--y use overlapping signal transduction path-
ativcly slowly. (iii) Cell death was augmented by IFN-RA in ways and induce similar downstream genes, each of them also
GRIM-12-exprcssing cells compared to those expressing vec- induces unique cellular genes. Consequently, they may also
tor alone. (iv) A known activator (selenite) and an inhibitor induce different death programs. Thus, the cell growth-inhib-
(AZ) of TR activity augmented and suppressed IFN-RA in- itory actions of IFN-ut/3 and IFN-y may not be identical.
duced cell death, respectively. The failure of ID to interfere The roles of oxidoreductases in growth control are less well
with the growth-inhibitory actions of TNF-u, vincristine, and appreciated, largely because they modify cellular substrates
etoposide suggests a specific role for GRIM-12 (TR) in IFN- with groups that have a relatively short half-life (46). Unlike
RA-inducible cell death (Fig. 14). protein kinases, these enzymes do not add stable prosthetic

In mammalian cells, glutathione reductase and TR reduce groups to their substrates, thus making it difficult to assess their
their respective substrates, glutathione and Trx, to maintain specific roles in growth or death processes. Although the down-
the intracellular redox state. They then transfer electrons to stream molecular events that mediate TR-Trx-induced growth
several cellular transcription factors, including those involved inhibition or cell death are still unclear, genetic studies by
in DNA synthesis. The TR-Trx system is highly conserved from ourselves and others illustrate novel mechanisms of cell death
E. coli to mammals. Trx, an -11-kDa protein, has the con- involving oxidoreductases. One level at which Trx may influ-
served sequence Trp-Cys-Gly-Pro-Cys-Lys. Based on the abil- ence the IFN-induced inhibitory growth pathways is via mod-
ity of exogenous and transfected Trx to stimulate cell growth, ulation of JAK function. Recent studies have shown that the
it has been proposed that the TR-Trx system acts as a growth redox status of JAKs is essential for their activity (14). The
promoter (15). Trx is also known as adult T-cell-derived leu- reduced state promotes JAK activity, and the oxidized state
kcmic growth factor, because it has been isolated as a stimulant inhibits it. Expression of the TR dominant negative inhibitors
of leukemic cell growth (63). In contrast, results presented in may alter the redox state of JAKs and therefore confer resis-
this study and those of others (12) indicate that TR and Trx are tance to IFN-RA treatment. Similarly, suppression of Trx lev-
growth inhibitors. Although Trx prevents apoptosis in murine els may ablate growth-inhibitory effects of IFN-y (12). Inter-
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ference with JAK function may inhibit the ability of IFNs to Fas/APO-I- and TNF receptor-induced cell death. Cell 85:803-815.

induce growth-regulatory genes such as interleukin-l3-con- 6. Casso, D., and D. Beach. 1996. A mutation in a thioredoxin reductase ho-
ior WAF/Cip (7, molog suppresses p53-induced growth inhibition in the lission yeast Schizo-

genzyme o, 8) and therefore may en- saccharomyces pombe. Mol. Gen. Genet. 252:518-529.
hance cell survival. Oxidative conditions activate NF-KB, which 7. Chin, Y. E., M. Kitagawa, K. Kuida, R. A. Flavell, and X. Y. Fu. 1997.

induces the anti-apoptotic gene products (1). Indeed, treat- Activation of the STAT signaling pathway can cause expression of caspase I
ment of cells with Trx inhibits the DNA binding of NF-KB and and apoptosis. Mol. Cell. Biol. 17:5328-5337.
cotransfection of Trx gene suppresses NF-KB-dependent gene 8. Chin, Y. E., M. Kitagawa, W. C. Su, Z. H. You, Y. Iwamoto, and X. Y. Fi.

1996. Cell growth arrest and induction of cyclin-dependent kinase inhibitor
expression (29, 54). Dominant negative inhibition of TR func- p21 WAFI/CIPI mediated by STATI. Science 272:719-722.

tion may also activate the NF-KB-dependent cell survival pro- 9. Cohen, G. M., X. M. Sun, R. T. Snowden, D. Dinsdale, and D. N. Skilleter.

gram. Therefore, these cells may become resistant to IFN-RA. 1992. Key morphological features of apoptosis may occur in the absence of

Future studies should resolve these questions. internucleosomal DNA fragmentation. Biochem. J. 286:331-334.
10. Darnell, J. E., Jr., 1. M. Kerr, and G. R. Stark. 1994. Jak-STAT pathways and

Lastly, a formal link exists between TR and p53 tumor sup- transcriptional activation in response to IFNs and other extracellular signal-
pressor activity. For example, human p53 normally induces ing proteins. Science 264:1415-1421.

gene expression and growth inhibition in Schizosaccharomyces 11. Deiss, L. P., E. Feinstein, H. Berissi, 0. Cohen, and A. Kinichi. 1995.

poibe but fails to exert these effects in mutants lacking TR (6). Identification of a novel serine/threonine kinase and a novel 15-kD protein
is potential mediators of the gamma interferon-induced cell death. Genes

Consistent with a role for TR-Trx in growth control, deletion Dev. 9:15-3).
of Trx genes in yeast leads to an increase in the mitotic cycle 12. Deiss, L. P., and A. Kimehi. 1991. A genetic tool used to identify thioredoxin

and DNA replication rates (40). TR also inhibited gene induc- as a mediator of a growth inhibitory signal. Science 252:117-121.
tion from MluI cell cycle (MCB) boxes present in the promot- 13. Dong, B., and R. H. Silverman. 1995. 2-5A-dependent RNase molecules

dimerize during activation by 2-5A. J. Biol. Chem, 270:4133-4137.
ers of genes that regulate yeast cell growth (35). More impor- 14. Dube, R. J., G. A. Evans, R. A. Erwin, R. A. Kirken, G. W. Cox, and W. L.

tantly, a number of p53-induced cell death gene products are Farrar. 1998. Nitric oxide and thiol redox regulation of Janus kinase activity.

oxidoreductases (45). These observations underscore the im- Proc. Natil. Acad. Sci. USA 95:126-131.
portnce of redox factors in cell growth inhibition and death. 15. Gallegos, A., J. R. Gasdaska, C. W. Taylor, G. D. Paine-Murrieta, D. Good-

man, P. Y. Gasdaska, M. Berggren, M. M. Briehl, and G. Powis. 1996.
Finally, despite the abrogation of cell death by ID mutant of Trtansfection with human thioredoxin increases cell proliferation and a domn-
TR, -60% of the IFN-RA-induced growth inhibition still inant-negative mutant thioredoxin reverses the transformed phenotype of

occurred. One explanation of this observation is that ID of human breast cancer cells. Cancer Res. 56:5765-5770.

GRIM-12 may be an inefficient repressor of IFN-RA-induced 16. Gasdaska, P. Y., J. R. Gasdaska, S. Cochran, and G. Powis. 1995. Cloning
and sequencing of a human thioredoxin reductase. FEBS Lett. 373:5-9.

growth inhibition. Consequently, near 100% growth did not 17. Glass, C. K., D. W. Rose, and M. G. Rosenfeld. 1997. Nuclear receptor

occur in these cells. If that were the situation, a strong inhibitor coactivators. Curr. Opin. Cell Biol. 9:222-232.
of TR should completely inhibit IFN-RA-induced growth-sup- 18. Gutterman, J. U. 1994. Cytokine therapeutics: lessons from interferon a.

pressive actions. Although AZ, a known inhibitor of TR (52), Proc. Natl. Acad. Sci. USA 91:1198-1205.
pres iea n-.A-duce cl atho infailedto ouTrat 19. Hassel, B. A., A. Zhou, C. Sotomayor, A. Maran, and R. H. Silverman. 1993.

prevented IFN-RA-induced cell death, it failed to counteract A dominant negative mutant of 2-5A-dependent RNase suppresses antipro-
the growth-inhibitory effects completely. Thus, a genetic and a liferative and antiviral effects of interferon. EMBO J. 12:3297-3304.
chemical inhibitor of TR both block the IFN-RA-induced 20. Heppell-Parton, A., A. Cahn, A. Bench, N. Lowe, H. Lehrach, G. Zehetner,
death pathway. The fact that the IFN-RA combination contin- and P. Rabbitts. 1995. Thioredoxin, a mediator of growth inhibition, maps to9q31. Genomics 26:379-381.
ues to inhibit cell growth despite TR inhibition suggests the 21. Hermeking, H., and D. Eick. 1994. Mediation of c-Myc-induced apoptosis by
induction of other GRIM-12 (TR)-independent cell growth- p53. Science 265:2091-2093.

suppressive pathways. Since overexpression of GRIM-12 alone 22. Hirt, B. 1967. Selective extraction of polyoma DNA from infected mouse cell

does not kill a majority of transfected cells, ligand-induced cultures. J. Mol. Biol. 26:365-369.
pos tnt killa maoditons anfeced xpresi n duoh e 23. ltlmngren, A., and M. Bjornstedt. 1995. Thioredoxin and thioredoxin rcduc-
posttranslaiional modifications and expression of other IFN- tase. Methods Enzymol. 252:199-2)8.

RA-induced death regulators are necessary for death to occur, 24. Holmgren, A., and C. Lyckeborg. 1981. Enzymatic reduction of alloxan by

in addition to an increase in TR levels. Indeed, isolation of thioredoxin and NADPH-thioredoxin reductase. Proc. Nail. Acad. Sci. USA

other GRIMs supports this hypothesis. 277:5149-5152.
25. Holtschke, T., J. Lohler, Y. Kanno, T. Fehr, N. Giese, F. Rosenhaner, J. Lou,
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apoptosis induced by both combinations. These effects were more pronounced in
MCF-7 cells overexpressing TR. Hence, the pathways leading to growth inhibition and
apoptotic cell death following IFN-O3/TAM or IFN-O3/RA appears to involve common
mediators.

Lindner, D. J., E. R. Hofmann, et al. (1999). "Overexpression of thioredoxin reductase
(GRIM-12) enhances antiproliferative and apoptotic activity of IFN-03 and tamoxifen in
MCF-7 cells." Invited Speaker.
We previously reported that IFN-3 in combination with tamoxifen (TAM) is a more
potent growth suppressor of human tumor cell growth in vitro and in vivo compared to
single agents. Our recent study showed that the cell death effects of the IFN-0/retinoic
acid (RA) combination are mediated by thioredoxin reductase (TR), also known as
GRIM-1 2. In this study, annexin-V binding indicated apoptosis was induced by both
combinations. Overexpression of GRIM-12 caused MCF-7 cell death and enhanced
susceptibility to either IFN-O/TAM- or IFN-3/RA. Dominant negative inhibitors directed
against TR inhibited death induction. A TR enzymatic inhibitor (azeleic acid) caused
growth promotion in the presence of either combination. Treatment with caspase
inhibitors I or III partially inhibited antiproliferative activity and partially blocked
apoptosis induced by both combinations. These effects were more pronounced in
MCF-7 cells overexpressing TR. Hence, the pathways leading to growth inhibition and
apoptotic cell death following IFN-03/TAM or IFN-0I/RA appears to involve common
mediators.
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MEDIATOR OF INTERFERON AND RETINOID INDUCED CELL DEATH ANTIGEN PROCESSING AND PRESENTATION IN NORMAL AND
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Interferons (IFNs) and retinoic acid (RA) are potent biological response modifiers Sharon Vigodman-Fromm, Sigal Winograd, and Rachel Ehrlich Department
that inhibit transformed cell growth. In tumor cells resistant to either IFN or KA, of Cell Research and Immunology, Tel Aviv University, Tel Aviv, Israel.
combination of both agents causes stronger growth inhibition. Using athymic nude
mouse models and in vitro systems we have shown that IFN-b/RA combination
causes death of human breast carcinoma cells. Since we could not find a correlation MHC class I molecules are polymorphic, integral membrane proteins that
between expression of known regulators and cell death, we employed the antisense bind a diverse group of peptides derived from endogenous antigens and
technical knock-out strategy to isolate genes that participate in IFN/RA induced display these peptides for recognition by cytotoxic T-lymphocytes. This
death pathways. We prepared total cell eDNA libraries from breast tumor cells mechanism enables the immune system to control infectious diseases and the
treated with IFN/RA combination and cloned the inserts in antisense orientation into f cells. Malignant transformation often results in suppression
episomal vector pTKOI. Following transfection of these libraries the breast tumor growth otur
cells were selected for resistance to IFN/RA induced cell death. Using this technique of one or more of the genes that are associated with antigen processing,
we have isolated several candidate genes termed Genes associated with Retinoid assembly and cell surface expression of class I complexes. In primary
IFN induced Mortality (GRIM). In this study, we have characterized one of these embryonal cells transformation with adessovirus 12 results in complete
genes, GRIM-12. Sequence analysis revealed that GRIM-12 was identical to human suppression of expression of the peptide transporter 2 (TAP2) gene, as well
thioredoxin reductase (TR). IFN/RA combination stimulates the post-transcriptional as of the proteasomal subunits, LMP2 and LMP7, while the expression of
expression of GRIM-12 (TR). Cells expressing dominant negative mutants derived 02m, class I heavy chain, and TAPI genes are partially suppressed. A
from GRIM-12 failed to die in response to IFN/RA combination. The enzymatic
activity of TR was essential for mediating cell death. Consistent with this, cofactors complete restoration of cell surface expression of class I MHC complexes can
and inhibitors of TR activity promoted and suppressed IFN/RA induced cell death be achieved by treatment of the cells with y-IFN. We are currently showing
respectively. A previous study also identified thioredoxin (Trx) as a mediator of that a full reconstitution of TAP2 and class I heavy chain gene expression is
IFN-g induced cell death. Our results and those of others identify a novel death essential for this restoration. A Threshold level of peptides and class I heavy
mediating function for TR:Trx system in IFN/RA induced death pathways, chains has to be surpassed in order to achieve efficient assembly of class I

complexes. In addition, y-IFN significantly stabilizes class I MHC complexes
and induces proteasome-mediated degradation of nascent (misfolded) class I
heavy chains. The fact that class I complex assembly appears to be also
highly inefficient in certain "normal" cell lines might be of a major in vivo
obstacle for the elimination of transformed or virus-infected cells by CTL
especially in view of the fact that the level of class I gene transcription is
often down-regulated in cancer cells and/or that assembly of class I MHC
complexes can be subverted by virus-encoded proteins. In these cases y-IFN
plays a major role in reconstituting specific immune responses.
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Expression of cyclin-dependent kinase inhibitors p27, p2l, p1 6  IDENTIFICATION OF GENES DOWNREGULATED IN MICE
in human tumour cells Me 180 after treatment WITH LYMPHOTOXIN DEFICIENCY

with TNFca and Interferon y

Heinz BAISCH Alexander Shakhov''2 , Ilya Lyakhov'3 and Sergei A. Nedospasov'"
1IRSP, SAIC Frederick and LMI, DBS, NCI-FCRDC, Frederick MD, USA;

Institute of Biophysics and Radiobiology, University of Hamburg, 2Institute of Toxicology, ETH and University of Zurich, Switzerland;
Martinistraile 52, D-20246 Hamburg, Germany 3Belozersky Institute of Physico-Chemical Biology, Moscow State

University and Engelhardt Institute of Molecular Biology, Russian
The tumour infiltrating macrophages release a variety of cytokines, which may Academy of Sciences, Moscow, Russia.
affect the cell kinetics of the tumour cells. We have studied the effects of TNFs
and Interferony (IFNy) on proteins involved in cell cycle regulation. The cyclin- Spleens of lymphotoxin (LT) deficient mice reveal defects in organization,
dependent kinase inhibitors (CKI) p27-Kipl, p21-CIPI, and pl6-lnk4 were including the lack of follicular dendritic cell network and marginal zone,
measured by flow cytometry in the human tumour cell line Me 180 after treatment poor T-B cell area separation and failure to develop germinal centers.
with TNFa and IFNy. All 3 inhibitors were expressed in all phases of the cell These defects can be partially restored by bone marrow or spleen cells
cycle. In normal fibroblasts the p27 level increased when the cells grew to transfers from the wild-type (WT) mice, suggesting that the maintenance
confluence. In contrast, the p27 level decreased in Me 180 tumour cells when of proper spleen organization is an active process, associated with the
becoming confluent. expression of certain genes in response to LT signaling. In order to
Single treatment of cells with TNFa or IFNy maintained or slightly increased the identify genes associated with mutant phenotype subtractive eDNA
level of CKI, whereas it decreased in control cells. A combination of both cloning, differential display and hybridizations with the poor man gene
cytokines, however, induced a strong increase of all 3 CKIs. This increase was arrays have been applied to splenocytes of the LTct-deficient mice and their
found in whole cells, and to lesser degree in cell nuclei. The cyclin E level, on the littrmate WT controls. We have identified a number of known and novel
other hand, remained nearly constant in cell nuclei, only in whole cells it increased seqene Whos . e has identialnymbereasednin an o

slightly. The increase ofcyclin DI level was much less than that of the CKI, in cell knock-out (KO) mice. Such sequences included genes encoding heavy

nuclei only a 2.5 fold increase was seen after 72 h treatment with TNFct and IFNy. cnof (gA a ice l ith gA n d ge ency p evy

The cells which were detached from the bottom of the culture flask generally chains oflgA and IgG, correlating with IgA and IgG deficiency previoulsy

showed much lower cyclins as well as CKI levels than the attached vital cells and reported for LTce KO mice. Other cloned gene products included scavenger
even lower levels than the control cells. These floating cells were identified as receptor MARCO (specific for macrophages of the marginal zone), bone
apoptotic by the Acridine Orange acidic method. Preliminary immun-preciptation marrow stromal antigen BST-l, clusterin, chemokine CP-10 as well as
experiments confirmed that p27 is attached to cyclin E and to cdk2. It has to be several putative components of neutrophil granules. Finally, bysubtractive
shown if p27 (and p16, p21) induced by the cytokines form the same complexes. cloning we .. have identified a novel homologue of secretory type
Previous experiments had shown that IFNy stopped transit through the cell cycle phosholipase A2 which in WT mice is preferentially expressed in
whereas TNFcr detached many cells from the monolayer, which became apoptotic. lymphoid tissues, including lymph nodes. (Funded in part by NCI, NIH
The CKIs are known to be inhibitors in cell cycle progression, they may also be Contract No. NOI-CO-56000).
involved in induction of apoptosis.



IDENTIFICATION OF THIOREDOXIN REDUCTASE AS A POTENTIAL MEDIATOR
OF INTERFERON-P3 AND RETINOIC ACID INDUCED CELL DEATH.

Hofrnann, E.R., Boyanapalli, M., Lindner, D.J., Weihua, X. Kalvakolanu, D.V.

Interferons (IFN) and retinoids are powerful biological response modifiers. Although
each are effective growth inhibitors of certain transformed cell lines, as single agents their
efficacy against several tumors is limited. However, when used in combination they
synergistically inhibit the growth of several tumors. Substantial evidence has been found that
shows a combination of IFN-P3/retinoic acid (RA) inhibits the growth of a variety of breast
tumors both in vitro and in vivo. More importantly, in several breast tumor cell lines, IFN-3/RA
combination treatment resulted in cell death. In order to better understand the mechanisms of
growth inhibition, it is important to identify the gene products that lead to the observed cell
death/growth arrest. Preliminary studies found that no correlation could be made between the
induced cell death with known antitumor gene products upon treatment with IFN-P3/RA. Data
suggest that this observed cell death may be due to a novel or other unimplicated gene
product(s). Therefore, we have employed an antisense knockout approach to identify the gene
products that mediate cell death and have isolated several Genes associated with Retinoid-IFN
Induced Mortality (GRIM). In this investigation we have characterized one of the GRIM cDNAs,
GRIM-12. Sequence analysis revealed that GRIM-12 was identical to human thioredoxin
reductase (TR). TR is post-transcriptionally induced by IFN/RA combination in human breast
carcinoma cells. Dominant negative inhibitors directed against TR inhibit its cell death inducing
functions. Interference with TR enzymatic activity led to growth promotion in the presence of
IFN/RA combination. Thus, these studies identify a novel function for TR in cell growth
regulation.
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